Improving extraction and transport simulations of the superconducting ECR ion source VENUS  by Todd, D.S. et al.
 Available online at www.sciencedirect.com
 
Physics Procedia 00 (2008) 000–000 
www.elsevier.com/locate/XXX
 
Proceedings of the Seventh International Conference on Charged Particle Optics 
Improving extraction and transport simulations of the 
superconducting ECR ion source VENUS 
D.S. Todda*, D. Leitnera, C. Pinta, D.P. Groteb 
aLawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A. 
bLawrence Livermore National Laboratory, Livermore, CA 94551, U.S.A. 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
A plasma sheath extraction model has been added to the three-dimensional, particle-in-cell (PIC) code WARP in 
order to simulate the extraction and transport of ion beams from the superconducting ECR ion source VENUS. The 
WARP code is ideally suited to simulate ECR ion source transport systems since it can handle large particle 
numbers, multiple species, applied and self fields, and has a powerful PYTHON programming shell that allows the 
user to easily customize the simulation.  The addition of an axially symmetric sheath extraction model for a multi 
species plasma allows for the simulation of the entire VENUS beam line including extraction.  To benchmark this 
model against experiment we have produced axially symmetric beams from VENUS composed almost exclusively 
of one ion species. These axially symmetric beams are produced by operating the VENUS source without 
sextupoles, which confine the plasma radially. In addition we performed single species experiments with the 
sextupoles energized. These measurements confirm the expected triangular shape of the extracted beam. To simulate 
asymmetric plasma extraction, a simple approximation using the results of the symmetric extraction model is 
employed.  Comparisons between simulation and experiment for both extraction cases at a beam profile diagnostic 
device (beam harp) after the extraction and at an emittance scanner after the analyzing magnet are presented. Good 
agreement in both the size and shape of the beam were found at the beam harp provided the beam is not over-
focused to a waist before the harp.  Simulation and experiment also show reasonable agreement in beam size and 
divergence angle when comparing emittance scanner measurements after the analyzing dipole.  © 2008 Elsevier 
B.V.
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1. Introduction 
The next generation of heavy ion accelerators currently under construction or in proposal stage require a great 
variety of high charge state ion beams with up to an order of magnitude higher intensity than demonstrated with 
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conventional Electron Cyclotron Resonance (ECR) ion sources [1]. The injectors for these facilities must be flexible 
enough to produce beams of various species and must be capable of running continuously for weeks.  Electron 
cyclotron resonance (ECR) ion sources have shown that they have the required flexibility and durability, and the 
current shift from conventional to next generation superconducting sources has enabled the required performance 
enhancement. The first, and currently the most advanced, next generation source in operation is the fully 
superconducting ECR ion source VENUS at Lawrence Berkeley National Laboratory [2]. 
 
Plasma confinement within an ECR ion source is achieved by creating a “minimum B” magnetic confinement 
structure. In such a structure the field magnitude increases in all directions from a minimum field (magnitude) 
region in the centre. For most ECR ion sources, solenoid coils at each end of the source provide axial confinement 
while sextupole coils or permanent magnets produce a radially increasing magnetic field. The resulting minimum 
field at the source centre is surrounded by a series of closed surfaces of constant magnetic field magnitude.  By 
supplying microwave heating at a frequency that matches the cyclotron frequency of electrons on one of these 
closed shells, electrons are resonantly heated which in turn produce and maintain a plasma through step-wise 
ionization.  Therefore, the magnetic field of these sources is strongly coupled with the choice of frequency made 
when designing the source. The higher the frequency the higher the magnetic filed must be to satisfy the resonance 
condition. Since the probability of multiple ionization increases with confinement time and better confinement is 
achieved by increasing the confining fields relative to the source minimum, a plasma (and hence a beam) with a 
distribution of more highly charged ions is more efficiently created in sources with higher confinement fields.  
Additionally, these higher confinement fields and combination with higher heating frequencies lead to higher 
plasma densities, and hence more extracted current [3]. 
 
The solenoid and sextupole magnetic fields used for confinement in ECR sources produce plasma that lack axial 
symmetry. These plasma are of triangular shape at each axial end with the triangles rotated relative to each other by 
60 degrees. As a result, extracted beams also exhibit this triangular shape. In addition, a strong axial magnetic field 
extends from the extraction solenoid into the extraction region.  In the case of VENUS, constant wave (cw) beams 
are extracted through an 8-mm-diameter aperture located at the peak of an axial field that can be as high as 3 Tesla 
and which falls to zero over the first 40 cm of beam travel.  The formation of the beam in a region of strong 
magnetic field introduces a net beam rotation to the beam as it is accelerated through the decreasing magnetic field 
after the source.  The amount of induced rotation and the subsequent dynamical motion of the beam depend upon the 
magnetic rigidity of the of the beam’s constituent ions.  Typical heavy ion beams extracted from VENUS have a 
charge state distribution that is composed of ten to thirty ion species as step-wise ionization produces a plasma 
composed of many charge states. As a consequence, the ion beam simulation not only has to take into account the 
asymmetric plasma shape, but also the different beam species since the space charge distribution of a single species 
beam is very different from the space charge distribution of a multi-species beam. 
 
Fig. 1 shows the beam transport system of the VENUS ECR ion source, which was simulated for the data 
presented in this paper. The shape of the VENUS plasma extracting surface is optimized by a movable accel-decel 
extraction system.  The remainder of the VENUS transport system is composed of a solenoid lens and an analyzing 
dipole.  Several diagnostic devices are employed in order to characterize the beams extracted from VENUS.  Two 
Allison-type emittance scanners [4] are located after the analyzing dipole to measure horizontal and vertical phase 
space current densities. A recently installed harp profile scanner can be inserted into the path of the beam between 
the solenoid lens and analyzing dipole.  The harp scanner is composed of a total of 62, xx-mm diameter wires 
contained within a 5.0 cm square window, with half of the wires running parallel to the vertical and half parallel to 
the horizontal directions.  Wire spacing is 1 mm near the center of the harp window and 2mm at the outer edges. In 
addition, a 0.25 mm thick tantalum sheet can be installed in the same location as the harp to allow for imaging of the 
beam profile. 
 
Space charge effects play an important role in the dynamics of the beam along the transport system---especially 
through the analyzing dipole where these effects are asymmetric due to ion species separation at various points 
through the magnet. The electrostatic potential of the beam is partially shielded by electrons introduced through 
collisions of beam ions with background neutrals or the walls of the transport system.  However, the presence of 
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background neutrals is minimized due to low beam line pressures (less than 10-8 mbar), which are necessary for high 
charge state ECR ion sources in order to reduce charge exchange between highly charged ions and residual gas via 
collisions of highly charge ions in collision with residual gas in the beam line. Under these low pressure conditions, 
initial measurements of the ion beam electrostatic potential indicate low levels of beam neutralization. These 
measurement were conducted with a retarding field analyzer, which measures the energy of the ions ejected 
perpendicular to the beam. These ions formed in collisions of the beam with the residual gas are ejected due to the 
positive beam potential and allow for a direct measurement of the beam potential and therefore the degree of 
neutralization. 
 
Fig. 1: Mechanical layout of VENUS and its accompanying transport system. 
To address the complexities present in the extraction and transport of ion beams produced by ECR ion sources, 
macroparticle simulations have often been employed [5,6].  At LBNL a concentrated effort is underway to use these 
methods to develop an advanced, self-contained code capable of accurately simulating the entire VENUS extraction 
and transport system. 
 
2. WARP particle-in-cell (PIC) simulation 
The particle-in-cell code WARP was originally developed to model the high current, intense beams required for 
heavy-ion driven inertial confinement fusion [7], but has also been used to simulate diverse systems such as storage 
rings and plasma trapping [8,9].  The code has been enhanced in order to address the complexities that arise in the 
simulation of beams extracted from the VENUS ion source. For beam transport in the VENUS system, WARP has 
been successfully benchmarked against another PIC code along the entire beam line [10].  Though WARP is a fully 
three-dimensional simulation code, it also has axially symmetric and transverse solver for regions where the system 
warrants these simplifications. 
 
A recent enhancement to the WARP code is the added capability of simulation of beam extraction across a 
plasma sheath.  The plasma sheath model is very similar to that incorporated in the commercially available 
extraction code IGUN [11] and assumes an axially symmetric extraction in the presence of Boltzmann distributed 
shielding electrons. Benchmarking of the extraction simulation against IGUN has been completed and the two have 
been found to be in excellent agreement. With this added capability, it is now possible to simulate both beam 
extraction and beam transport in one self-consistent code. 
 
The WARP code is used for all simulations discussed in this paper. The first 22 cm of beam transport after the 
extraction electrode is simulated as part of the plasma sheath extraction model. The plasma potential is calculated 
using the measured extraction current and an assumed electron energy of 5 eV.  Simulations varying this electron 
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energy over tens of eV showed little sensitivity to its value. Ions are injected from a transverse surface of constant 
potential (extraction voltage plus plasma potential) 1.2 cm behind the extraction electrode with a longitudinally 
directed energy of Q*5V, where Q is the ion charge and 5 Volts is chosen to match the electron energy---simulations 
varying the ion energy showed little effect over tens of volts variation as well. The ions are tracked and deposit 
charge density on a mesh that extends 25 cm after extraction. When a self-consistent solution has been found, 
particle phase space information is gathered 22 cm after extraction. This particle distribution is used to initialize the 
simulation of the remainder of the beam line where the longitudinal velocity is much larger than the transverse.  In 
this region the two-dimensional (transverse) Poisson solver is used which neglects the longitudinal self-fields but 
still simulates motion through the three-dimensional analyzing magnet fields. This two-dimensional treatment is 
justified since the VENUS beams are cw and the experimental currents simulated in this paper are low.  
Comparisons between the two-dimensional treatment and fully three-dimensional simulations for the transport 
system have shown very good agreement for typical VENUS currents [10].  Also, it is assumed that there is zero 
beam neutralization throughout the beam transport system, since it has been found in previous study that the 
simulation and experimental results agree best if no neutralization is assumed [12]. In addition, ion beam potential 
measurements after the extraction system seem to indicate that at our beam line pressures of 10-8 mbar the 
neutralization time is too long to sustain beam neutralization. 
 
3. Comparisons between simulation and experiment 
a. Simple beam system 
 
To benchmark the simulation model against experimental data, the simplest beam system of a (almost) single 
species He+ beam was chosen. For this purpose, VENUS is operated with high helium gas flow and low input rf 
power.  When operated in this mode, extracted beams are composed of more than 97% He+ with the bulk of the 
remaining beam He2+.  For the experimental measurements presented here, the total beam current is maintained near 
600 A, and the movable accel-decel extraction system is positioned where the simulation predicts a resulting flat 
plasma emitting surface. 
 
Two modes of source operation are employed for these tests.  In addition to the normal operating mode where 
both confining solenoids and sextupoles are energized, a second mode of operation is used where the sextupoles are 
turned off so that plasma confinement is provided solely by the solenoidal field.  When this is done, the confining 
fields (and therefore the plasma) are axially symmetric, and it is expected that the symmetric plasma model 
incorporated into WARP should better simulate beam extraction.  It should be noted that when operating with the 
sextupoles off, plasma confinement is significantly reduced and further suppresses the presence of higher charge 
states. 
 
b. Comparison at Harp 
 
The first set of comparisons between simulation and experiment is for a 600 μA He+ beam extracted from the 
axially symmetric plasma. As expected, experimental measurement show a symmetric beam in both the x- and y-
directions. As can be seen in Fig. 2, the size of the simulated beam compares very well with the size of the 
experimental beams as the solenoid lens current is increased.  However, after the lens has been increased to the point 
that the smallest beam profile is measured (approximately 280 A), a hollowing appears in the experimental beam 
that is not present in the simulated beam. 
 
The hollowing of the beam shown in Fig. 2 appears and increases with increased beam current.  Fig. 3 shows 
harp distributions where constant solenoid lens strength is maintained while the beam current is increased.  For all 
beam currents a waist is formed in front of the harp, but only when the total current exceeds 0.5 mA does the 
hollowing occur. To eliminate cross-talk between adjacent wires as the source of the hollowing, the harp has been 
tested with every other wire biased to -200 Volts and the behaviour has been replicated. This effect will be 
investigated further in the near future. One possible explanation could be that longitudinal space charge forces in 
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this strong waist, which have been neglected in this part of the simulations (see section 2), could be responsible for 
the phenomenon.  However, it should be noted that the occurrence of a waist before the analyzing dipole is 
somewhat artificial and does not reflect normal operation since the VENUS transport system was specifically 
designed to avoid strong waists until after the analyzing magnet in order to reduce space charge effects [13]. 
 
 
Fig. 2: Experimental and simulated harp profiles are plotted for various solenoid lens current for a 600 μA He+ beam extracted from VENUS with 
sextupole fields off.  Note the hollowing of the experimental distribution that appears in the bottom row of plots. 
 
Fig. 3: When the He+ current is increased while holding the solenoid lens strength constant, a local minimum of current density 
appears near on the harp near the beam centre.  The plasma confining sextupole is off for these measurements. 
With the confining sextupoles energized, the beam profile measurements using the harp show distinct 
asymmetry.  This asymmetry is a product of the triangular plasma distribution from which the beam is extracted, and 
the resulting triangular structure has been observed at the VENUS beam line to rotate and focus on a tantalum 
viewing screen as the focusing field of solenoid lens is increased [12].  As the sheath extraction component of 
WARP is not yet capable of self-consistently simulating asymmetric plasmas, an approximation is used based on the 
symmetric extraction simulation of the first 22 cm of beam transport.  After a self-consistent extraction solution has 
been obtained, a homogenous, triangular distribution of particles is moved through the solved, symmetric potential 
mesh using an initial orientation based on experimental plasma marks on the extraction electrodes.  This triangular 
distribution is then used for the remainder of the simulation using the transverse field solver, which more 
appropriately treats the beam asymmetry.  As can be seen in the plots of Fig. 4, this simple approximation 
reproduces the size and shape of measured harp distributions reasonably well. 
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Fig. 4: Comparison between experimental and simulated in the horizontal (left) and vertical directions (right) 
for two solenoid lens current settings. 
c. Comparison at Emittance Scanners 
 
In order to compare the simulated beam with phase space current density measurements taken with emittance 
scanners located after the analyzing dipole, both the axially symmetric and the asymmetric simulated beams are 
tracked through the three dimensional field of the analyzing dipole imported from a Vector Fields [14] model. Fig. 5 
shows a comparison of the phase space current density plots for simulation and experiment with the confining 
sextupoles turned off using two different settings of the solenoid magnet. Similarities can be seen between the 
simulation and experiment in some of the aberration features when the solenoid lens is unused and the beam fills a 
significant portion of the analyzing dipole gap.  When the solenoid current is adjusted for maximum beam 
transmission, the aberration characteristics disappear in both simulation and experiment.  In both cases the beam size 
and maximum divergence are in fairly good agreement, but both the phase space tilt and current density distribution 
show difference, which will be further investigated. In particular, beam simulations with high statistics will be 
important to reduce artificial density variations in the simulated beam. 
 
 
Fig. 5: Experimental (left) and simulated (right) horizontal phase space current density plots for solenoid lens settings of 0 A (top) and 200 A 
(bottom) with source sextupole currents off.  The contours increase at intervals of 20% of the maximum current density, from light to dark. 
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Similarly, when the simulated artificial triangular distribution is tracked through the remainder of the beam 
transport system for comparison with experimental results, aberration features in the phase space current density 
plots reproduce and the size compares reasonably well, as can be seen in Fig. 6.  Once again, there are differences in 
the density distribution that will need to be addressed with more simulation particles. 
 
 
Fig. 6: Experimental (left) and simulated (right) horizontal phase space current density plots for solenoid lens settings of 0 A (top) and 240 A 
(bottom) with source sextupole currents on.  The contours are at intervals of 20% of the maximum current density. 
One possible source of error could be the somewhat artificial triangular distribution chosen as initial conditions. 
Therefore we are currently working on obtaining more accurate initial conditions by tracing ions from the center of 
the source through the magnetic confinement fields. 
 
 
Fig. 7: Experimental plasma marks (left) and simulated particle distribution at source (right). The experimental aperture 
at the centre of left image is 8 mm in diameter and is plotted in white on the right for reference.  
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4. Future developments 
A fully three-dimensional plasma sheath extraction simulation capable of incorporating the plasma shape at 
extraction is currently being tested.  By tracking ions with a Boltzmann energy distribution from the source center to 
the extraction region, it is possible to initialize beam extraction simulations.  As can be seen in Fig. 7, simulations of 
this transport compare well with plasma marks found experimentally, and this distribution will be used to initialize 
the three-dimensional extraction simulations. 
Acknowledgements 
This work was supported by the Director, Office of High Energy and Nuclear Physics, Nuclear Physics Division 
of the U.S. Department of Energy under Contract No. DE AC03-76SF00098. 
References 
[1] D. Guerreau, Eur. Phys. J. A 13 (2002) 263. 
[2] D. Leitner, C.M. Lyneis, S.R. Abbott, Nucl. Inst. Meth. B 235 (2005) 486. 
[3] Geller, Electron Cyclotron Resonance Ion Sources and ECR Plasmas, Institute of Physics Publishing, Bristol (1996) 395. 
[4] D. Wutte, M.A. Leitner, C.M. Lyneis, Physica Scripta T92 (2001) 247. 
[5] G. Shirkov et al., Rev. Sci. Instrum. 73 (2002) 644. 
[6] P. Spädtke and C. Mühle, Rev. Sci. Instrum. 71 (2000) 820. 
[7] A. Friedman, D.P. Grote, I. Haber, Phys. Fluids B 4 (1992) 2203. 
[8] J.-L. Vay, P. Colella, A. Friedman, D.P. Grote, P. McCorquodale and D.B. Serafini, Comp. Phys. Comm. 164 (2004) 297. 
[9] H. Li, S. Bernal, R.A. Kishek, I. Haber, Y. Zou, P.G. O’Shea and M. Reiser, Nuc. Inst. Meth. A 519 (2004) 405. 
[10] J. Qiang, D. Leitner, D.S. Todd, Part. Accel. Conf. Proceeding, May 16-20, 2005 Knoxville, TN. 
[11] R. Becker and W.B. Herrmannsfeldt, Rev. Sci. Instrum., 63 (1992) 2656. 
[12] D.S. Todd, D. Leitner, M. Leitner, C.M. Lyneis, J. Qiang and D.P. Grote, Rev. Sci. Instrum. 77 (2006) 03A338. 
[13] M.A. Leitner, C.M. Lyneis, D.C. Wutte, C.E. Taylor and S.R. Abbott, Physica Scripta, T92 (2001) 171. 
[14] Vector Fields Limited, 24 Bankside, Kidington, Oxford OX5 1JE, England. 
272 D.S. Todd et al. / Physics Procedia 1 (2008) 265–272
